Abstract-The University of Michigan Dioxin Exposure Study was undertaken to address concerns that the industrial discharge of dioxin-like compounds in the Midland, Michigan, USA area had resulted in the contamination of soil and vegetation in the Tittabawassee River floodplain and downwind of the incinerator in the City of Midland. The study included the analysis of 597 vegetation samples, predominantly grass and weeds, from residential properties selected through a multistage probabilistic sample design in the Midland area, and in Jackson and Calhoun Counties (Michigan), as a background comparison, for 29 polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and polychlorinated biphenyls (PCBs). The mean toxic equivalent (TEQ) of the house perimeter vegetation samples ranged from 4.2 to 377 pg/g. The ratio of TEQs (vegetation to soil) was about 0.3, with a maximum of 3.5. Based on a calculation of the similarity of the congener patterns between the soil and the vegetation, it appeared that the source of the contamination on the vegetation was the surrounding soil. This conclusion was supported by linear regression analysis, which showed that the largest contributor to the R 2 for the outcome variable of log 10 of the vegetation concentration was log 10 of the surrounding soil concentration. Models of vegetation contamination usually focus on atmospheric deposition and partitioning. The results obtained here suggest that the deposition of soil particles onto vegetation is a significant route of contamination for residential herbage. Thus, the inclusion of deposition of soil particles onto vegetation is critical to the accurate modeling of contamination residential herbage in communities impacted by historic industrial discharges of persistent organic compounds. Environ. Toxicol. Chem.
INTRODUCTION
The University of Michigan Dioxin Exposure Study (UMDES) was undertaken in response to concerns among the population of Midland and Saginaw Counties in Michigan, USA, that the discharge of dioxin-like compounds from the Dow Chemical Company facilities in Midland had resulted in contamination of soil in the Tittabawassee River flood plain and areas of the city of Midland, leading to an increase in residents' body burdens of these compounds. Dow Chemical has operated in Midland since 1897, manufacturing a wide range of chemical products [1] . Historically, wastes from these manufacturing operations were incinerated, resulting in aerial deposition in the city of Midland, or were discharged either directly or indirectly to the Tittabawassee River and subsequently were deposited on residential property during flooding events. To analyze the relationship between this environmental contamination and residents' body burden, UMDES was a large multidisciplinary undertaking, including measurements of dioxinlike compounds not only in soil and vegetation, but also in household dust and serum from populations in Midland, Saginaw and Bay Counties (Michigan) as the target areas, and from Jackson and Calhoun Counties (Michigan) as a background comparison. To account for additional factors that might impact the population's body burden of these compounds, the study also comprised the administration of a questionnaire covering age, weight, and smoking habits; residential, occupational, and dietary histories; and recreational habits including hunting, fishing, and water activities. From an exposure perspective, a fundamental issue is the degree of contamination of the environment. To help answer that question, a total of 2,081 soil samples from 766 residential properties were analyzed for the World Health Organization (WHO) 29 polychlorinated dibenzo-pdioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and dioxin-like polychlorinated biphenyls (PCBs) congeners. In addition, 597 vegetation samples, obtained from a subset of the 766 properties, were also analyzed for the same congeners. The results of the soil measurements are reported in Demond et al. [2] . This analysis focuses on the vegetation measurements and their relationship to the soil concentrations.
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adsorption onto the plant surface, root uptake and transport into the plant shoot, and contamination of the plant's foliage by soil [3] . It appears that volatilization followed by adsorption may be a major transport pathway in greenhouses, but in the field, this mechanism is thought to be of minor importance [4, 5] . Similarly, root uptake and transport into the plant shoot may be important in some circumstances, such as with zucchini and pumpkin [4] , but in most plants this is not a significant mechanism [6, 7] . In the case of either of these mechanisms, the congener patterns of the soil and the vegetation differ, due to the preferential volatilization or uptake of particular congeners, resulting in a pattern shift in vegetation towards the lower chlorinated congeners. However, if good correspondence exists between the vegetation and soil patterns, it is thought that the primary mechanism of contamination is the deposition of soil particles on the vegetation [3] .
Alternatively, vegetation may be impacted by atmospheric contamination from sources such as incinerators [8] . Because of the similarities between the congener pattern in plant material and that in the atmosphere, Lovett et al. [9] suggested that atmospheric deposition was an important mechanism. Wagrowski and Hites [10] noted that the concentration of PCDD/DFs seemed to be related to the compounds' saturated vapor pressure, suggesting that partitioning between the atmosphere and foliage may be the key process for the contamination of vegetation like corn, for example. Yet models accounting for atmospheric deposition and air to plant transfer of vapor phase constituents have been noted to work well for fresh fruit and above-ground green vegetables [11] , but underpredict the concentrations of PCDD/DFs in grass [11, 12] . This finding suggests the possibility of additional transport mechanisms in the case of grass.
Reports of the ratio of the toxic equivalent (TEQ) of the vegetation to that of the soil vary considerably and may depend on the mechanism of contamination. For example, in the case of above-ground vegetables a ratio of 1.7 Â 10 À4 and 3.4 Â 10
À3
were reported for lettuce by Hulster et al. [4] and Muller et al. [13] , respectively. For zucchini, a plant that seems to uptake PCDD/DFs from the soil, a ratio of 0.023 to 0.14 was obtained, depending on the soil's TEQ and the fraction of organic carbon [4] . Prinz et al. [14] gave a transfer factor of 0.1 for PCDD/DFs for a range for fruits and vegetables in gardens and Meneses et al. [12] obtained a TEQ ratio of 0.27 for herbage samples collected in the vicinity of a municipal solid waste incinerator. Yet Schuhmacher et al. [15] observed that PCB concentrations in chard may exceed those in the surrounding soil, particularly in background areas, where atmospheric transport may be the dominant pathway. Similarly, Notarianni et al. [16] reported higher PCB concentrations in conifer needles than in soil, up to more than 20 times higher, in areas considered to be lowly impacted by industrial discharges. The largest current source of dioxin-like compounds is incineration, originally municipal waste incinerators, but more recently backyard burning [17] . Thus, in this situation with historic soil contamination from past industrial incineration and periodic flooding, as well as potentially ongoing aerial deposition from municipal incineration or backyard burning, multiple mechanisms may be contributing to the contamination of vegetation around residences in the Midland area in Michigan. Consequently, the objective of the present study is to compare the concentration and congener profiles of dioxin-like compounds in vegetation and soil taken from residential property in an effort to elucidate their relationship.
MATERIALS AND METHODS
Vegetation samples were collected concurrently with soil samples from properties selected from five regions, designated as Floodplain (located in the 100-year FEMA [Federal Emergency Management Agency] floodplain of the Tittabawassee River or answering ''yes'' to the question, ''Has your property ever been flooded by the Tittabawassee River?''), Near Floodplain (located in a census block that contains a portion of the 100-year FEMA floodplain, but the properties themselves were not located in the floodplain), Plume (located in the incinerator plume downwind of the Dow facility, determined as outlined in [18] ), Other Midland/Saginaw (located in Midland, Saginaw, or Bay Counties, but outside the above areas and any other river floodplain), and Jackson/Calhoun (located in Jackson or Calhoun Counties, %180 km southwest of the Midland area) (Fig. 1) . Within each area, the census blocks to be sampled were first selected at random, followed by the selection at random of households within each census block. More details on the protocol of household selection can be found in Garabrant et al. [19] .
Up to four sampling stations were located around the perimeter of the house, as shown in Demond et al. [2] . In addition, samples were taken in gardens (vegetation and flower) and near the river, if applicable, yielding a maximum of seven sampling stations at each residence: four house perimeter, two gardens, one near river. The cores from the house perimeter and the near river stations were extruded from the corer and separated into two strata: 0 to 2.54 cm (0-1 inch) and 2.54 to 15.24 cm (1-6 inches), after which the respective strata were combined and homogenized. The cores from the gardens were not separated into strata, as it was assumed that soil in gardens is routinely turned over during planting. Ultimately, each residence yielded some or all of the following soil composites: house perimeter 0 to 2.54 cm composite (HP 0-1 inch); house perimeter 2.54 to 15.24 cm composite (HP 1-6 inch); garden 0 to 15.24 cm composite (Garden); near river 0 to 2.54 cm composite (NR 0-1 inch); and near river 2.54 to 15.24 cm composite (NR 1-6 inch).
Roughly 500 ml of vegetation was collected from each house perimeter sampling station, from within the same 0.94 m sampling ring as the soil samples, and placed in a Ziploc 1 bag. Approximately 1,000 ml of vegetation were collected from the garden and near river stations, to ensure sufficient sample mass. Vegetables were rarely procured from the garden stations. Only a small fraction of the field sampling occurred during the time frame when garden vegetables were available; also, sampling often occurred in the absence of the homeowner, in which case permission may not have been available for procuring vegetables. Thus, most of the vegetation samples consisted of grass and weeds from the house perimeter (HP) and near river (NR) stations. The vegetation was cut off slightly above ground level. Any large soil clods attached to the vegetation were removed before composting, but no washing occurred. The samples were composted by set (HP, NR, and garden) using an electronic balance to ensure approximately equal masses from each station. The proportionate aliquots were then mixed by tossing in stainless steel bowls. The vegetation samples were shipped to Vista Analytical Laboratory (El Dorado Hills, CA) where they were analyzed by high-resolution gas chromatography/high-resolution mass spectrometry (HRGC/HRMS) using U.S. Environmental Protection Agency (U.S. EPA) methods 8290 [20] and 1668 [21] for the 29 PCDF, PCDD, dioxinlike PCB congeners listed by WHO [22] . In brief, the samples were homogenized and a 10 to 30 gram (wet wt) sample was spiked with a 13 C-labeled internal standard and then soxhletextracted with toluene. The extracts were then spiked with the clean-up recovery standard, exchanged to hexane, and concentrated. The concentrates were then cleaned using a series of three columns: an acid-base silica gel and an acid alumina column, followed by a florisil column, if needed. The analytes in the concentrates were separated by a gas chromatograph and detected by a high-resolution mass spectrometer operating at a resolving power of 10,000. An initial calibration curve was analyzed to demonstrate the linearity of the HRMS system over the calibration range and verified with a continuing calibration verification standard in each analytical batch. The recovery rates for the 29 congeners ranged from 72 to 95%. If the concentration of a particular congener was below the limit of detection (LOD), the concentration was recorded as the LOD divided by H2 [23] . The mean and percentiles were also estimated using the reverse Kaplan-Meier method [24] ; because the LODs were small, the results were virtually identical to those obtained using LOD divided by H2. The measured concentrations were then adjusted using population sampling weights to reflect the fact that the soil samples were obtained from a probabilistic subset of the areas' households.
The contamination in the vegetation and in the soil was compared in three ways. First, to compare the magnitude of the concentrations, the mean, median, 75th, and 95th percentiles for the ratio of the concentrations of vegetation to soil were computed for the TEQ DFP-2005 [22] ) as well as for 2,3,7,8-TCDD, the top contributor to the soil TEQ DFP-2005 in the plume; 2,3,4,7,8-PeCDF, the top contributor in the Floodplain; and PCB 126, the top contributor in Jackson/Calhoun [2] . In addition, the congener patterns were compared visually and quantitatively by computing the cosine of the angle between the vectors comprising the soil and vegetation congener concentrations. To compare samples i and j, with n congeners, the cos u parameter was calculated as:
where x is the mass fraction of congener k to the total mass of PCDD/DFs and PCBs. This parameter is based on a geometric calculation between two vectors with a value of 0, meaning that the patterns are completely dissimilar, and a value of 1, meaning that the patterns are identical [25] . Finally, stepwise linear regression was carried out using SAS statistical software (v. 
RESULTS AND DISCUSSION

Ratio of vegetation-to-soil concentrations
A total of 597 predominantly grass and weed samples obtained from around the house (HP) (n ¼ 416), in gardens (Garden) (n ¼ 18), and near the Tittabawassee River (NR) (n ¼ 163) were analyzed. Another 22 samples were submitted as blind duplicates with the average relative percent difference equaling 49%. Most studies dealing with vegetation analysis do not give any statistics for blind duplicates, so there is little directly comparative information. Van den Berg et al. [22] cite that many duplicate GC-MS analyses for these compounds have an uncertainty that range from 10 to 25%, for more homogeneous materials such as breast milk and fish filets. Furthermore, it is documented that the error can be greater with vegetation samples, with Welsch-Pausch et al. [7] giving the coefficient for variation of parallel grass samples as 2.5 times that of gas samples. A similar phenomenon was observed in this study in that the percent relative error for the soil samples was about 15% [2] , whereas that for the vegetation samples was 49%.
The arithmetic mean, median, 75th and 95th percentiles, and the range of the population-weighted TEQ DFP-2005 2010 WHO congeners are given in the Supplemental Data, Table S1 . Table 1 shows that the HP and the NR composites from the contaminated regions, the floodplain and the plume, have a higher mean TEQ DFP-2005 than that of the background region, Jackson/Calhoun, based on the t score with a significance level of 0.01. The HP composites from the near floodplain have the highest mean TEQ, but because of the high standard error, the mean was determined to not be statistically significantly higher than the mean in Jackson-Calhoun, at a significance level of 0.01. The high standard error for the near floodplain is undoubtedly due to an outlier, as the median value for the vegetation in the near floodplain is only 3.3 pg/g, but the maximum value of all the vegetation composites of 7,995 pg/g was measured on a composite from the near floodplain. In fact, the median TEQ DFP-2005 of all the composite sets is similar, even that of Jackson/Calhoun, with the exception of the composites from the plume, which show an elevated median. Table 2 shows the statistics for the ratio of the vegetation TEQ DFP-2005 , 2,3,7,8-TCDD, 2,3,4,7,8-PeCDF, and PCB 126 concentrations to the corresponding 0-1 inch concentration in the soil. These show that the overall mean TEQ DFP-2005 ratio is 0.31, 0.28, and 0.21 for the HP, NR, and garden composites, respectively. These values correspond well to the ratio of 0.27 reported in [12] for herbage samples, which Hulster and Marschner [3] infer is indicative of contamination directly by soil particles. The maximum ratio for TEQ DFP-2005 is 3.5, whereas for PCB 126, the maximum ratio is 5.1. These values support the observations [15] that vegetation may have higher concentrations than the surrounding soil, but the phenomenon of 20 times higher PCB concentrations in vegetation [16] than in the surrounding soil was not observed here. These ratios are greater than those typically observed in studies of above-ground garden vegetables not directly impacted by soil particles, such as that for lettuce of approximately 2 Â 10 À3 [3, 13] . In fact, the TEQ ratios measured here for some above-ground vegetables were 7.51 Â 10 À3 for a tomato harvested in floodplain, where the soil HP 0 to 1 inch TEQ DFP-2005 equaled 167.8 pg/g, and 4.62 Â 10 À2 for a cabbage, harvested in near floodplain where the soil HP 0 to 1 inch TEQ DFP-2005 equaled 12.9 pg/g. Thus, the mean ratios between the vegetation and soil concentrations reported in Table 2 are higher than those that may be expected in above-ground vegetables that were grown in gardens in the region.
Comparison of congener patterns in soil and vegetation
A qualitative comparison of the congener patterns in the soil and vegetation is shown in Figure 2 . This figure suggests that there are distinctly different patterns in the floodplain, plume, and Jackson/Calhoun. The floodplain pattern, where the principal means of contamination was through the deposition of contaminated sediment, is distinguished by its relatively high concentrations of furans, whereas the plume pattern, where the contamination was caused by the deposition from incineration, is distinguished by its level of 2,3,7,8-TCDD, and the Jackson/ Calhoun pattern, where no industrial source of dioxin-like compounds is known, is dominated by PCBs. This differentia- tion of patterns is corroborated by the hierarchical cluster analysis performed on the soil samples [26] which defined clusters related to the Tittabawassee River contamination containing elevated furan levels, clusters from the plume containing elevated 2,3,7,8-TCDD and clusters representing background patterns. Regardless of region, there is considerable visual similarity between the patterns in the vegetation and in the soil, suggesting that the preponderance of contamination on the vegetation is through the deposition of soil particles on the vegetation. This similarity is demonstrated quantitatively by the values of the cos u parameter (Eqn. 1) presented in Table 3 . The parameter was calculated using three groupings of congeners: the PCDD/DFs, the PCBs, and all 29 congeners. The values in all cases are above 0.8, confirming the visual observation that the soil and vegetation patterns are similar. The values for the comparisons involving the PCDD/DFs and the PCBs are all greater than 0.98. However, the degree of similarity decreases when all 29 congeners are considered, particularly in the areas impacted by contaminated river sediment. This decrease in similarity may be related to the higher ratio of vegetation-tosoil concentrations for PCBs in these areas (Table 2) . For example, the ratio of concentrations for the floodplain HP composites is 0.635 for PCB 126, whereas it is 0.299 for 2,3,7,8 TCDD. In contrast, in Jackson/Calhoun the corresponding ratios are 0.638 and 0.616. Thus, in the case of the floodplain the PCBs are disproportionately represented in the vegetation, making the aggregate congener pattern less similar than the PCDD/DFs or the PCB patterns. These results also suggest an 
Dioxin 2010 additional source of PCBs, other than direct deposition of soil. If a typical ratio of vegetation-to-soil concentrations in the case of contaminated soil deposition is approximately 0.3, then the higher ratio of approximately 0.6 may be characteristic of background atmospheric contamination.
Linear regression analysis
To further quantify the relationship between the vegetation and soil, a linear regression analysis was performed for the HP and NR samples, the results of which are shown in Tables 4 and  5 . The largest contributor to the R 2 was the HP 1 to 6 inch soil concentration in the case of TEQ DFP-2005 , 2,3,7,8-TCDD, and 2,3,4,7,8-PeCDF, but the HP 0 to 1 inch soil concentration in the case of PCB 126. In the case of NR vegetation, the biggest contributor was the NR 0 to 1 inch soil concentration in all cases. The difference is probably not meaningful because the concentrations in the 0 to 1 inch and the 1 to 6 inch soil composites are highly correlated, as indicated by the fact that the correlation coefficients were greater than 0.88 in all cases. Other variables that proved to be significant and stable predictors were region and season. The two regions that are known to be contaminated, the floodplain and plume, generally had higher regression coefficients (b values) for the region variable than the near floodplain and other Midland/Saginaw. The b values were higher for the plume than for the floodplain, with the highest b value for 2,3,7,8-TCDD, the dominant contributor to the TEQ in the plume. This reflects the more homogeneous distribution of contamination in the plume, relative to the floodplain, as ascertained by the soil sampling. Again, PCB 126 seems to display different behavior, with smaller and predominantly negative values of b, suggesting an inverse association with the Midland/Saginaw regions. With respect to season, the values of b are roughly of the same magnitude, but are positive for the fall and negative for the spring. Because the rainfall variables (elapsed time since last rain, cumulative rain in last 3 d) did not enter into any models, the association between log 10 vegetation concentration and season may be through another effect, perhaps the age of the grass, vegetation length, or cumulative yard usage during Michigan's temperate months (April-October). Other variables that entered into some of the models were the presence of pets, trash burning, fire damage, and flooding by the Tittabawassee River, but the R 2 difference for all of these variables was consistently under 2.00.
CONCLUSIONS
A total of 597 grass and weed samples, obtained from residential properties in four regions around Midland Michigan and in another region, Jackson and Calhoun counties, as a background comparison, were analyzed for 29 PCDD/DFs and dioxin-like PCB congeners. The results showed that the mean TEQ DFP-2005 in the vegetation was significantly higher in the regions known to be contaminated, the floodplain and the plume. The ratio of the concentration of the vegetation to that of the 0 to 1 inch soil composite was 0.31, 0.28, and 0.21 for the HP, NR, and garden composites, respectively, very similar to the ratio of 0.27 reported previously [12] for herbage. Values for above-ground garden vegetables on the order of 1 Â 10 À2 were measured here, similar to those reported by others [4, 13] . The linear regression modeling showed that the principal contributor to the R 2 of models with log 10 of the vegetation as the outcome variable was the log 10 concentration of the surrounding soil. The degree of similarity in congener patterns between the soil and vegetation, as evidenced by the values for the cos u parameter, further indicated that the principal contributor to the vegetation contamination was the soil. Because the dioxin and furan congeners tested in the linear regression were both lesser chlorinated congeners, the cos u analysis also suggested that the mechanism is deposition rather than uptake or volatilization.
The results for PCB 126, the dominant contributor to the soil TEQ in Jackson/Calhoun, seemed to differ from those for 2,3,7,8-TCDD, the dominant contributor to the soil TEQ in the plume, and 2,3,4,7,8-PeCDF, the dominant contributor to the soil TEQ in the floodplain. The ratio between the vegetation and soil concentrations for PCB 126 was 0.6. Furthermore, the values of b for the region variable were smaller and predominantly negative, suggesting that the association between the PCB contamination in the soil and the grass in the Midland/ Saginaw regions is less strong, raising the possibility of alternate or additional mechanisms of PCB contamination such as atmospheric deposition and partitioning.
The results of the sampling of the vegetation around residences show that if the soil is contaminated, the vegetation may also become contaminated through deposition of the soil. The grass around the residences appeared to have considerably higher concentrations than the garden vegetables, although the number of vegetables sampled was small. However, this conclusion is supported by other studies [3] that reported higher concentrations for hay versus lettuce, for example. Models based on atmospheric deposition and partitioning have been noted to work well for fresh fruit and above-ground green vegetables [11] , but they underpredict the concentrations of PCDDs and PCDFs in grass [11, 12] . The results of this research suggest that the deposition of soil particles onto vegetation is a significant route of contamination for residential herbage. Thus, the inclusion of the deposition of soil particles onto vegetation may be critical to the accurate modeling of contamination residential herbage in communities impacted by historic industrial discharges of persistent organic compounds.
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